The damaging effect of mono-and diatomic phosphorus and arsenic ions implanted into silicon was investigated by spectroscopic ellipsometry (SE) and high-depth-resolution Rutherford backscattering and channeling techniques. A comparison was made between the two methods to check the capability of ellipsometry to examine the damage formed by room temperature implantation into silicon. For the analysis of the spectroscopic ellipsometry data we used the conventional method of assuming appropriate optical models and fitting the model parameters (layer thicknesses and volume fractions of the amorphous silicon component in the layers) by linear regression. The depth dependence of the damage was determined by both methods. It was revealed that SE can be used to investigate the radiation damage of semiconductors together with appropriate optical model construction which can be supported or independently checked by the channeling method. However, in case of low level damage (consisting mainly of isolated point defects) ellipsometry can give false results, overestimating the damage using inappropriate dielectric functions. In that case checking by other methods like channeling is desirable.
Introduction
The amount of defects and lattice disorder during ion implantation mostly depends on the energy deposited by the impinging species and the secondary knocked-on particles in the cascade volume. A very simple way of varying the deposited energy in the projected range is using molecular or polyatomic ion beams as an implant, and many experiments were carried out in the past comparing the effects caused by these implant with the effects caused by monoatomic ones [l-3] . These investigations conventionally were made by RBS and channeling techniques or electron microscopy. As a comparative method we examined the damage structure by spectroscopic ellipsometry (SE). The defects created in crystalline materials alter the complex dielectric function (refractive index). SE is a sensitive, rapid and nondestructive method for measuring the optical parameters of a material [4] . It is an indirect technique, so to get damage profiles from SE spectra one must have a proper multilayer optical model [5] . This multilayer model can arise from theo-retical considerations. SE is very sensitive to changes in optical parameters and it is very useful in case of thin layers below the depth resolution of RBS. It is more advantageous if the layer is very close to the surface because of high surface sensitivity of SE. This is the situation with surface disordering caused by light ion bombardment of silicon or applying high dose. Our aim with this experiment was to study the differences between the damage profiles caused by mono-and diatomic implants and comparing the results with the RBS and channeling ones.
Experimental
Carefully cleaned (20% HF dip followed by successive DI water rinse), 10 R cm, p type silicon of (100) orientation were implanted with P+ and PC ions with dose 1 X 1014 atoms/cm* at 25 and 45 keV and 5 X lOi atoms/cm' at 50 and 90 keV; As+ and Asi ions with 2 x 1014 atoms/cm' at 30 keV and 1014 atoms/cm2 at 60 keV; so in each mono/ diatomic implant couples the total number of implanted atoms and the implantation energy/atoms were the same. The implantations were made at room temperature. The fluences were chosen to be below or near the amorphization threshold. To avoid channeling effects during implantation a deliberate misalignment of the wafer normal of 7" was used.
The ellipsometric measurements were made using a home-made rotating analyser ellipsometer in the 300-650 nm region at Twente University.
The high depth resolution RBS/channeling measurements were made in KFIU using 1.5 MeV He ions at 0 = 97" scattering angle (with a glancing exit angle of 7" to the surface). In this case the depth resolution is 3 nm [6] .
Results and discussion
For the evaluation of ellipsometric data we used the optical model, consisting of a native oxide layer, a totally amorphous layer and a partly damaged region consisting of a stack of layers with fixed and equal thicknesses with two coupled half Gaussian shaped damage profiles (Fig. 1 ). To get damage profile from ellipsometric spectra we used linear regression analysis (multiparameter fitting). The fitting parameters were the thickness of the oxide and amorphous layers, the place and height of the maximum of the damage profile and the half-widths of the full maxima of the two Gaussians [5] . The optical parameters of the damaged layers were calculated using the Bruggeman effective medium approximation. The results of the fittings are shown in the Figs. 2-4. As it can be seen the agreement between the measured and calculated spectra is really good. The goodness of the fit is estimated by the unbiased estimator:
where N is the number of wavelengths and p is the number of fitted parameters. The results are shown in Table 1 .
For the determination of the damage profile from channeling spectra we used the computer code RBX [7] which can handle RBS and channeling spectra as well. The thickness of the oxide was determined from the area of the oxygen peak. The channeling spectra were evaluated in the usual way using the virgin and random spectra as well after subtracting the oxide peak. To evaluate the enhanced surface peak we extrapolated the buried disorder peak onto the surface from the damage distribution as a function of depth as a background for surface amorphous layer and after subtracting this background we determined the total number of displaced atoms under the native oxide. The and SE results are qualitatively good about the defect distribution, but for more precise results more adequate assumptions and models are needed. The damage level calculated from ellipsometry was always higher or equal to that of the channeling ones. The difference between the two results can be caused by the character of the damage. Using light ions, high implantation energies or low doses the damaged region contains mainly point defects, i.e. displaced atoms. By the channeling technique we can detect these individ- ual point defects with high accuracy, i.e. channeling measures the number of displaced atoms. In case of ellipsometry we used the complex dielectric function of the a-Si as reference in the optical model [8] . The point defects seem to change the dielectric function in a bigger volume than their atomic volume. Consequently, SE senses the volume of the optically changed (stressed) lattice.
Further measurements point defects in changing to examine the role of the the optical parameters are 
Conclusion
It was revealed that spectroscopic ellipsometry can be used for investigating the radiation damage of semiconductors together with an appropriate optical model construction, which can be supported or independently checked by the channeling method. The sensitivity of the ellipsometric method is very good, comparable to that of channeling, but its accuracy can even be better than the other one. Nevertheless, in case of light ions, low dose and high energy, where the damage is low and damage consists of isolated point defects, ellipsometry can overestimate the damage level. In that case the checking by other methods like channeling is desirable.
